described in the autopsy report of a judicial hanging by Wood Jones.
To standardize the management of hangman's fractures, Levine and Edwards proposed a classification system based on the suggestions of Effendi et al. 6, 14 Current management of hangman's fracture includes both nonoperative and operative modalities. 4, 15, 16 For stable Type I fractures, cervical hard collar immobilization for [8] [9] [10] [11] [12] [13] [14] weeks is generally recommended. Type II, IIA, and III fractures are considered to be unstable and require rigid immobilization. 14, 15 In unstable hangman's fractures, hyperextension forces have resulted in disruption of the anterior longitudinal ligament, posterior longitudinal ligament, C2-3 intervertebral disc, and atlantoaxial joints. 6, 14 The optimal management of unstable hangman's fractures remains controversial. In cases of significant displacement and instability, surgical reduction and stabilization are performed, usually by posterior fusion of the upper cervical vertebrae or anterior fusion of C2-3.
Surgical stabilization techniques via the anterior, posterior, and combined anteroposterior approaches have been described. 3, 8, 13, 15, [17] [18] [19] 21, 23, 25, 28, 31, 33, 34 Posterior surgery was previously performed using C1-3 wire fixation, but this technique requires postoperative halo vest immobilization and sacrifices atlantoaxial function. 13 Bristol et al. 3 treated the atlantoaxial isthmus fracture by direct screw fixation to retain atlantoaxial function. However, this approach resulted in instability of the C2-3 disc because of disc damage. 8, 25 A number of studies reported C-2 isthmus screw fixation combined with C-3 lateral mass screw fixation, or C-1 pedicle fixation combined with C-3 lateral mass screw fixation. 21 However, these techniques are not considered optimal as they result in significant loss of C1-2 function. In a highly unstable hangman's fracture, posterior fixation of C2-3 results in aggravation of the forward displacement of C-2 because of the intraoperative prone position, which may cause iatrogenic injury with extremely negative consequences. Anterior discectomy/ corpectomy and interbody fusion combined with internal fixation by plating is technically easy to perform and results in a relatively short length of fusion. The anterior approach is especially suitable for hangman's fractures with intervertebral disc injury, which can result in spinal cord compression or spinal instability.
The purposes of this study are to describe our technique and to retrospectively evaluate the safety and effectiveness of the technique for the treatment of unstable hangman's fractures using clinical and radiological data.
methods patient population
This retrospective clinical study reviewed 41 consecutive cases involving patients who were surgically treated for unstable hangman's fractures by a single surgeon in our department between July 2002 and October 2011. Three patients (7.3%) were lost to follow-up, and the remaining 38 patients (92.7%) who were regularly followed up were included in this study. The study group consisted of 18 women and 20 men with a mean age of 42.8 years (range 20-69 years). The fracture resulted from a fall in 9 patients, a motor vehicle accident in 21 patients, and a motorcycle accident in 8 patients. Frontal collisions were more common than lateral or rear-impact collisions or overturning of the vehicle. All patients had used suitable safety gear, such as 3-point belts, head rests, and helmets. The mean time from injury to surgery was 10.9 days (range 4-32 days) and the mean length of hospital stay was 17.4 days (range 11-40 days). All patients had neck pain and restricted movement of the cervical spine before surgery. The motor examination results were normal in 29 patients. Five patients complained of paresthesias in 1 upper limb and 4 patients complained of paresthesias in both upper limbs. The American Spinal Injury Association Impairment Scale grade was D in 9 patients and E in 29 patients.
All patients underwent preoperative diagnostic radiography, CT, and MRI. Radiographs included the standard anteroposterior, lateral, and open-mouth views of the cervical spine with the patient in the supine position. CT was used to evaluate details of the fracture, including any dislocation or angulation. MRI was used to evaluate the anterior and posterior longitudinal ligaments, C2-3 intervertebral disc, intraspinal protrusion of intervertebral discs, and spinal cord compression. The bilateral fracture gaps through the pars interarticularis of the axis, angulation, and anterior translation of C-2 relative to C-3 were evaluated in all cases. Four patients had associated fractures of the body of C-2, 4 had a fracture of the ring of C-1, and 3 had fractures of other levels of the spine. The associated fractures of the ring of C-1 and the other spinal levels did not need additional surgery. The anterior longitudinal ligament was torn in 19 patients. MRI showed injury of the C2-3 disc in all patients, with disc herniation in 4 patients and spinal cord compression in 4 patients. Avulsion of the posterior longitudinal ligament occurred in 5 patients. According to the Levine-Edwards classification, 14 13 patients had Type II fractures, 20 had Type IIA fractures, and 5 had Type III fractures (Table 1 ).
Surgical technique
All 38 patients underwent preoperative skull traction using a traction weight of 2-5 kg for 2-5 days. Serial lateral radiographs showed some degree of reduction after traction in all patients. All patients underwent trachea push-off training before surgery.
All patients underwent anterior C2-3 intervertebral disc excision or C-3 corpectomy, decompression and reduction, interbody implantation of an autologous iliac bone graft, and internal fixation with a titanium plate under general anesthesia with endotracheal intubation. Patients were placed in the supine position with their shoulders and necks supported, resulting in slight hyperextension of the neck. The skull traction was not removed, and axial traction was continued with a weight of 2 kg. A standard transverse incision was made midway between the angle of the jaw and the thyroid cartilage. Twenty-six patients underwent anterior C2-3 discectomy and fusion combined with internal fixation. The C2-3 intervertebral space was opened using Caspar distracters and the anterior translation and angulation of C-2 on C-3 was reduced. The C2-3 disc was completely removed and the integrity of the posterior longitudinal ligament was inspected. An appro-priately sized piece of autogenous iliac bone was placed in the gap between C-2 and C-3, and an appropriately sized titanium plate was firmly fixed to the front of the bodies of C-2 and C-3 with screws. Plates used included the Zephyr plate (Medtronic Sofamor Danek, Inc.), Codman plate, Slim-Loc plate (Johnson & Johnson Co., Depuy Spine, Ltd.), and Reflex plate (Stryker Spine, Inc., France). When there is compression from the posterosuperior part of the body of C-3, a motion preserving procedure that excludes the C2-3 segment may not be feasible. If decompression of the cord and nerve roots is required to foster neurological recovery, anterior C-3 corpectomy should be performed. In the present study, the remaining 12 patients underwent anterior C-3 corpectomy and fusion combined with internal fixation. C2-3 and C3-4 discectomy and C-3 corpectomy were performed using routine techniques, followed by removal of the posterior longitudinal ligament to ensure good decompression. To achieve lordotic alignment, arthrodesis was performed using supplementary autogenous iliac bone graft and an anterior titanium plate attached to the bodies of C-2 and C-4. Anterior longitudinal ligament and disc injuries were confirmed during surgery in almost all cases. Severe disc injuries included avulsion of the annulus or fracture of a greater portion of the endplates. Mild disc injuries included rupture of the annulus and deformity of the nucleus. Fracture reduction and fixation were always confirmed by intraoperative C-arm imaging before closing the wound. The wound drain was removed after 2 days. All patients routinely underwent atomization inhalation therapy of alpha chymotrypsin, mucosolvin, dexamethasone after surgery. All patients were immobilized in a Philadelphia collar for 12 weeks after surgery.
postoperative Observation and Follow-up
Follow-up examinations were scheduled at 3 months, 6 months, and 1 year after surgery, and then every 6 months. Data collected included age, sex, operative segments, intraoperative blood loss, operative time, complications (surgery-related complications, including CSF leakage, hoarseness, epidural hematoma, dysphagia, axial neck pain, prolonged pain at the iliac crest donor site, and infection; and instrumentation-or graft-related complications, including graft dislodgement and hardware breakage), and clinical and radiological parameters. Perioperative information was collected from the anesthesia records.
Pain was assessed before and after surgery using a visual analog scale (VAS). Myelopathy was graded using the Japanese Orthopaedic Association (JOA) score. 35 Patient satisfaction with the surgery was assessed using Odom ' s grading system. 22 Outcomes were classified as excellent, good, fair, or poor. Outcome was classified as excellent if all preoperative symptoms were resolved and daily activities could be performed without impairment, good if there was minimal persistence of preoperative symptoms and daily activities could be performed without significant impairment, fair if there was some resolution of preoperative symptoms but physical activities were significantly impaired, and poor if the preoperative symptoms and signs were unchanged or worse. Anteroposterior, lateral, and dynamic (flexion/extension) radiographs were obtained during the follow-up period. Flexion/extension radiographic studies and 2D CT studies with sagittal and coronal reconstructions were obtained routinely to assess fusion mass continuity. Fusion was considered to be solid if the following features were observed: 1) no movement across the fusion site on flexion/extension radiographs, 2) trabeculae across the fusion site, and 3) no lucency at the fusion site or around any of the screw sites.
Statistical analysis
Statistical analyses were performed using the Statistical Package for Social Sciences software for Windows (version 17.0; SPSS Inc.). The paired t-test was used to compare preoperative and final follow-up VAS and JOA scores. Results are expressed as the mean ± SD, with a p value < 0.05 considered statistically significant.
results clinical Outcomes
The mean operative time was 78.8 minutes (range 57-132 minutes) and the mean blood loss was 36 ml (range 40-530 ml). No patient received blood transfusion. Patients were followed up for a mean period of 49.2 months (range 24-132 months) postoperatively. Comparison of mean preoperative scores to the mean scores from the final follow-up evaluation showed a significant decrease in the VAS score (7.56 ± 1.52 vs 2.36 ± 1.25, p < 0.05) and a significant increase in the final follow-up JOA scores (12.58 ± 1.34 vs 16.13 ± 1.17, p < 0.05). There were no cases of intraoperative or postoperative spinal cord or vertebral artery injury, or postoperative worsening of neurological function. Axial pain resolved postoperatively in all patients, and neurological function improved in all 13 patients with a preoperative neurological deficit. According to Odom's criteria, 33/38 (86.8%) patients rated their level of satisfaction as excellent or good (Table 2) .
radiological Outcomes
Postoperative radiographs showed satisfactory reduction in all cases (Figs. 1 and 2 ). All patients had reduced range of motion of the cervical spine but none complained of limited flexion, extension, or lateral bending. Postoperative radiographs and CT in all patients showed osseous healing of all fractures after 3-6 months, with a mean time of 3.2 months to solid radiographic immobility. Postoperative radiographs and CT showed fusion in 36 (94.7%) of 38 patients at 12 months and solid fusion in all patients at 24 months after surgery (Table 2 ).
complications
The complications are shown in Table 3 . Postoperative transient dysphagia occurred in 5 patients (13.2%) and had resolved at the 3-or 6-month follow-up evaluation in all cases. One patient with severe dysphagia needed temporary gastric tube feeding and atomization inhalation therapy with alpha chymotrypsin, mucosolvin, and dexamethasone for 3 weeks. Postoperative hoarseness occurred in 2 patients (5.3%) and had resolved at the 3-or 6-month follow-up evaluation in both cases. Pseudarthrosis occurred in only 2 cases (5.3%), both of which were asymptomatic fibrous nonunions that required no further treatment. Postoperative wound infection at the iliac crest donor site occurred in 2 patients (5.3%) and resolved after a single surgical irrigation and debridement, primary closure, and intravenous antibiotic therapy for 2-3 weeks in both cases. Transient neurological deficits occurred in 3 patients (7.9%) and resolved during the hospital admission in all cases. There were no cases of postoperative neurological deterioration or chronic infection. Prolonged pain at the iliac crest donor site occurred in four patients (10.5%), and resolved completely after nonsteroidal anti-inflammatory drug therapy for 4-6 weeks. No instrumentation-related complications were observed during the follow-up period.
discussion
The hangman's fracture accounts for 4%-7% of all cervical spine fractures and 23%-27% of axis fractures. 33 Patients with hangman's fractures may present with complete or partial neurological deficits. 7, 24 The symptoms and neurological signs may not correlate with the degree of bone injury. 20 Fountas et al. 9 reported that the diameter of the cervical spinal cord is 15%-20% smaller than the diameter reported based on autopsy studies and considered that this relatively small diameter made the spinal cord less susceptible to injury by compression. This is probably the reason for the minor neurological deficits observed in our cases, together with auto decompression of the spinal canal.
The classification system for hangman's fractures was first described by Effendi et al. 6 and later modified by Levine and Edwards.
14 The Levine-Edwards classification is now the most widely accepted and forms the basis for modern surgical treatment protocols according to the mechanisms of traumatic loading. Type I lesions are usually considered stable with no angulation or displacement at C2-3, whereas Types II, IIA, and III are usually considered unstable. Unstable fractures are associated with disruption of the C2-3 disc and the anterior longitudinal ligament.
Stable hangman's fractures have a high rate of stable union because of the cancellous bone and abundant blood supply and a low incidence of neurological deficits, and conservative treatment is therefore preferred for these fractures. However, the optimal treatment of unstable hangman's fractures is still controversial. Some studies reported satisfactory results after traction. 10 4, 14 reported that about 60% of patients with Type II, IIA, and III fractures who were treated without internal fixation developed nonunion and anterior C2-3 instability, resulting in persistent axial neck pain. The main disadvantage of conservative treatment is the prolonged time (3-6 months) in halo traction. 31, 32 In addition, the anterior and posterior longitudinal ligaments and especially the intervertebral discs play important roles in the stability of hangman's fractures. An unstable hangman's fracture is often associated with intervertebral disc injury, which may lead to instability of the cervical spine, and disc herniation may lead to medullary compression. The discs are not self-repairing, and nonoperative treatment of these injuries is associated with significant rates of instability and delayed union. Surgeons have therefore developed a number of techniques to resolve these problems.
The goals of surgical treatment of unstable hangman's fractures are reduction, stabilization, and maintenance of alignment. Surgery is often performed from anterior, posterior, or combined anteroposterior approaches, and each approach has unique advantages and disadvantages. Posterior surgery includes a number of procedures, including C-2 pedicle screw fixation, combined C-2 pedicle and C-3 lateral screw fixation, posterior fixation extended to C-1, and even occipitocervical fusion. 4, 8, [17] [18] [19] 21, 25 Among the different posterior approaches, direct repair of the pars fracture with a pedicle screw across the fracture line has the advantages of direct compression of the fracture with excellent anatomical reconstruction, preservation of atlantoaxial rotation function, and minimal functional restriction of the cervical spine. 3, 8, 17, 18, 25 Many authors have concluded that posterior direct pars screw repair seems to be safer, cheaper, and more technically feasible than other posterior techniques. However, posterior techniques do not address instability of the disc and can only be used in patients with minimal or no C2-3 disc injury. Posterior direct pars screw repair is ineffective for repairing instability at the C2-3 level and has limited use in atypical hangman's fractures with fracture lines extending anteriorly through the body of C-2. Fixation of the anterior fragments in such cases can be difficult with bilateral transpedicular screw fixation of C-2. Posterior C1-3 wiring techniques have also been described, 33 but these require postoperative halothoracic immobilization. Another posterior stabilization strategy uses a C-2 pars screw connected to a C-3 lateral mass screw. Duggal et al. 5 reported that posterior C2-3 screw and rod construction resulted in better stabilization than anterior cervical plating and C-2 pars screwing. However, pedicle screw placement is technically difficult because of large individual variations in pedicle dimensions and the course of the vertebral artery. The screw passes through the narrowest part of the vertebra, between the spinal cord medially and the vertebral artery laterally. The diameter of the screw is 3.5 mm and the width of the space it has to pass through is 5-7 mm, resulting in a reported rate of injury to vital structures ranging between 11% and 66%. 12, 18 Although the strength of pedicle screw fixation is well established, it should be noted that there is a high risk of screw penetration of the pedicle resulting in neurovascular injuries, because the C-2 pars interarticularis is characteristically broken in hangman's fractures and complete reduction is not always achieved before the insertion of pedicle screws.
Anterior C2-3 discectomy and fusion results in good stability, a high union rate of almost 100%, anatomical reduction with reconstruction of cervical lordosis, favorable clinical outcome, and avoidance of secondary salvage fusion after failed primary conservative treatment. 29, 32 It is difficult to access C2-3 in some cases. Patients and/or their caregivers are trained in the application of the tracheal stretch exercise (also known as tracheal traction exercise or "trachea push-off") and are instructed to utilize it twice daily (15 times per session) for 3 consecutive days starting 4 days before surgery. We find that this is very helpful in facilitating intraoperative access to C2-3. Use of a Caspar cervical retractor helps to achieve reduction of the fracture and reconstruct the cervical lordosis. This surgery is minimally invasive and easily performed by well-trained surgeons, with no particular technical difficulties. Importantly, complications associated with the anterior approach such as injury to the hypoglossal and superior laryngeal nerves are no longer a problem for capable and experienced surgeons. The potential disadvantage of the high cervical approach is a higher probability of dysphagia. Transient postoperative dysphagia occurred in 5 patients (13.2%) in our study and had resolved at the 3-or 6-month follow-up in all cases. Measures such as trachea stretch exercise, avoiding prolonged and significant stretching of the trachea during surgery, and atomization inhalation therapy of alpha chymotrypsin, mucosolvin, dexamethasone after surgery may have reduced the incidence of dysphagia. Anterior reduction and fusion is therefore the preferred treatment for all unstable hangman's fractures. We retrospectively reviewed our series of 38 cases to compare the clinical and radiological characteristics before surgery and at the final follow-up. Axial pain decreased significantly in all patients (VAS score 7.56 ± 1.52 preoperatively and 2.36 ± 1.25 at the final follow-up) and neurological status improved significantly in all 13 patients with neurological deficits (JOA score 12.58 ± 1.34 preoperatively and 16.13 ± 1.17 at the final follow-up). All fractures showed osseous healing at 3-6 months, with a mean time of 3.2 months to solid radiographic immobility. Radiographic early intervertebral fusion was observed after 3-12 months (mean 5.1 months).
limitations
This study is limited by its retrospective nonrandomized design, and the relatively small number of patients. Surgical outcomes in patients who underwent anterior discectomy/corpectomy and fusion combined with internal fixation were not compared with patients who underwent surgery via the posterior or anteroposterior approaches. In addition, the mean follow-up period of 49.2 months is too short to evaluate the long-term outcomes. Further large-scale prospective randomized studies are needed to overcome these limitations and to definitively determine whether anterior discectomy/corpectomy and fusion combined with internal fixation has advantages over surgery via the posterior or anteroposterior approaches.
conclusions
The results of this study indicate that anterior discectomy/corpectomy and fusion combined with internal fixation is safe and effective for the treatment of unstable hangman's fractures. This technique results in good stability, a high union rate, anatomical reduction with reconstruction of cervical lordosis, favorable clinical outcomes, and avoidance of the need for secondary salvage fusion after failure of primary conservative treatment. 
